Bat is the natural reservoir of most of deadly zoonotic viruses, including rabies virus, Ebola virus, and SARS coronavirus ([@bib0005]; [@bib0025]; [@bib0095]). Recently, two novel influenza A-like virus genomes designated as H17N10 and H18N11 were identified from bat specimens, indicating that bat is a reservoir of a new group of influenza viruses (bat influenza virus) which are phylogenetically related to influenza A viruses (IAVs) ([@bib0115], [@bib0120]). Recently, two more H18N11 strains have been identified from fruit bats, Brazil. These two H18N11 strains shared 93.5%--96.9% nucleotide identity among all 8 genomic segments with the previous H18N11 strain found in Peru, 2010, suggesting that bat H18N11 subtype virus is diverse and wide spread in bat species ([@bib0010]). However, no infectious virus has been isolated from bats. Studies have shown that neither hemagglutinin (HA) nor neuraminidase (NA) of bat influenza A-like viruses has similar functions as those of IAVs ([@bib0040]; [@bib0075]; [@bib0105]; [@bib0165], [@bib0170]). On the other hand, the internal genes of bat influenza A-like viruses have been demonstrated to be functional to support virus replication by generating chimeric bat influenza viruses, which contain six internal genes of bat influenza A-like virus and two chimeric surface genes (coding regions of HA and NA genes flanked by bat virus packaging signals) of IAVs ([@bib0055]; [@bib0160]).

Previous study showed that bat influenza virus has limited genetic and protein compatibility with influenza A and influenza B viruses, and the internal genes of bat influenza virus are well adapted to mammalian, *i.e.* mice ([@bib0020]; [@bib0110]; [@bib0140]; [@bib0155]; [@bib0160]). However, whether the bat influenza viruses would adapt to avian species and pose potential threat to birds remains largely unclear. H9N2 is one of the major subtypes of IAVs circulating in poultry in China since 1993, which has a wide host range from birds to mammals ([@bib0045]; [@bib0100]). Although H9N2 is a low pathogenic virus in birds, co-infection with other pathogens often causes significant economic loss to poultry industry ([@bib0015]; [@bib0060]; [@bib0085]). In addition, the cross species infection of avian origin influenza viruses often cause pandemic in humans. To explore the adaptation of bat influenza viruses to avian, two chimeric viruses cH9cN2/H17 and cH9cN2/H18 were generated and evaluated *in vitro* and *in vivo*, which the surface genes contain open reading frames (ORFs) from H9N2 and internal genes from H17N10 and H18N11.

To generate cH9cN2/H17 and cH9cN2/H18 virus, the chimeric HA vRNA (cH9) were generated as previously described ([@bib0160]), which contained the coding region from A/mink/China/02/2014 (H9N2-wt) ([@bib0135]), flanked by putative cis-acting terminal packaging signals from either H17N10 or H18N11 ([@bib0035]; [@bib0130]), and all ATG in the packaging signal region were mutated to ATA. The cN2 was constructed with the same strategy ([Fig. 1](#fig0005){ref-type="fig"} A). The six internal gene segments of A/little yellow-shouldered bat/Guatemala/164/2009 (H17N10) were synthesized by GENEWIZ (SZ, CHINA) and sub-cloned into pHW2000 vector ([@bib0050]). The resulting plasmids (pHWH17-PB2, pHW-H17-PB1, pHW-H17-PA, pHW-H17-NP, pHW-H17-M, and pHW-H17-NS) were confirmed by sequencing. The six internal gene plasmids of A/flat-faced bat/ Peru/033/2010 (H18N11) were obtained from Dr. Wenjun Ma (Kansas State University). Chimeric cH9cN2/H17 virus was generated by transfecting human embryonic kidney 293 T (HEK-293 T) with reverse genetic plasmids of the cH9, cN2, and the six internal genes of H17N10. The reassortant cH9cN2/H18 virus was constructed with the same strategy. The rescued viruses and H9N2-wt were propagated and titrated on MDCK cells.Fig. 1**Schematic diagram of chimeric cH9/H17 and cN2/N10, growth kenetics, polymerase activity, IFN-β antagonism assay.** A: green bars represent packaging signal sequence from HA and NA genes of the A/little yellow-shouldered bat/Guatemala/164/2009 (H17N10); gray bars represent HA or NA coding regions from HA and NA genes of A/mink/China/02/2014(H9N2); cH9/H18 and cN2/N11 genes were generated similarly; B: growth dynamics of cH9cN2/H17, cH9cN2/H18, and H9N2-wt viruses on CEF cells. Monolayer of CEF cells were infected with 0.01 MOI of each virus, and samples were collected at indicated time points. The virus titers were measured in MDCK cells. C: polymerase activity of vRNPs of H17N10, H18N11, and H9N2. D: IFN-β antagonism activity of NS1 proteins of H17N10, H18N11 and H9N2-wt. Each data point indicates the MEAN ± SEM of three independent experiments, \*\*\*P \< 0.001, \*P \< 0.05 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 1

To evaluate growth kinetics of reassortant viruses in chicken cells, monolayers of chick embryo fibroblasts (CEF) cells were infected with each virus at the indicated multiplicity of infection (MOI = 0.01). The supernatants from infected cells were collected at different time points (12, 24, 36, and 48 hpi) and titrated on MDCK cells in 96-well plates. The virus titers were determined as TCID~50~ per mL by the Reed and Muench method. All three viruses were able to replicate on CEF cells. The H9N2-wt virus replicated more efficiently than cH9cN2/H17 and cH9cN2/H18 reassortant viruses on CEF cells, suggesting that the chimeric bat influenza viruses showed limited adaptation to avian cells ([Fig. 1](#fig0005){ref-type="fig"}B).

To assess the infection and replication of cH9cN2/H17 and cH9cN2/H18 in chickens, a total of 48 6-week-old Specific Pathogen Free (SPF) chickens (Boehringer Ingelheim Vital Biotechology Co. Ltd. Beijing) were randomly allocated to four groups (12 per group), including three infected groups and one control group. Nine chickens in each infected group were intranasally inoculated with each virus at a dose of 10^5.5^ TCID~50~ in 100 μL PBS, whereas each chicken in the mock group was inoculated with 100 μL PBS. To assess the transmissibility of each virus in chickens, three naïve chickens were comingled with infected chickens at 1 day post infection (dpi). All chickens were observed daily for clinical signs until the end of the experiment (14 days). Oropharyngeal and cloacal swabs were collected at 2, 4, and 6 days post infection/contact (dpi/dpc) to detect the virus shedding. Three chickens from each inoculated group were euthanized at both 3 and 5 dpi, and tissue samples (heart, liver, spleen, trachea, lung, kidney, pancreas, intestine, and bursa of fabricius) were collected for viral titration. For the histopathologic examination, lung and trachea tissues were fixed and processed routinely, and then stained with haematoxylin and eosin (H&E). For detection of viral NP antigen in lung and trachea sections, a rabbit anti-H1N1 NP polyclonal antibody (GenScript, USA) was used in IHC staining. The animal study was conducted in accordance to the guidelines of the Animal Care and Use Committee of Shanghai Veterinary Research Institute, and the protocols were approved by Chinese Academy of Agricultural Science. All data was analyzed by using analysis of variance (ANOVA) in GraphPad Prism version 6.0 (GraphPad software Inc, CA), a p-value \<0.05 was considered statistically significant; p-value \<0.001 was considered statistically highly significant.

All three viruses replicated in trachea of infected chickens ([Table 1](#tbl0005){ref-type="table"} ). H9N2-wt replicated more efficiently than cH9cN2/H17 and cH9cN2/H18 in trachea at 3 and 5 dpi, while only one to two cH9cN2/H17 or cH9cN2/H18 infected chickens showed virus positive at 3 and 5 dpi. Histopathological lesions were characterized by loss of ciliation, disruption of the epithelial architecture, and mild to severe inflammation in the tracheas of all infected chickens ([Fig. 3](#fig0015){ref-type="fig"}). H9N2-wt infection caused severer lesions in trachea than the other two viruses ([Fig. 3](#fig0015){ref-type="fig"}B). Abundant NP antigens were observed in tracheas of H9N2-wt infected chickens ([Fig. 3](#fig0015){ref-type="fig"}F), while mild to moderate NP signals were detected in cH9cN2/H17 and cH9cN2/H18 infected chickens ([Fig. 3](#fig0015){ref-type="fig"}G, H). H9N2 viruses attach and replicate efficiently in upper respiratory tract, since α-2,3-linked SAs are expressed on trachea of domestic birds. Whereas cH9cN2/H17 and cH9cN2/H18 carrying the H9 and N2 proteins replicated poorly in chicken trachea, suggesting the internal genes of bat influenza virus were limitedly adapted to avian species.Table 1Virus titers in tissues of infected chickens. Nine chickens (6 weeks-old) were inoculated intranasally with the viruses at a dose of 10^5.5^ TCID50. Three chickens from each group were euthanized at 3 dpi and5 dpi, and tissue samples (trachea, lung, pancreas, spleen, kidney and bursa of fabricus) were obtained for virus titration. a:2/3 infected chickens were positive for virus detection, and the titer values were shown as (mean ± SD); -: virus was not detected in any chicken.Table 1LungTracheaHeartLiverKidneySpleenPancreasIntestineBursa of fabriciuscH9cN2/H173 dpi0/3(−)2/3^a^(2.24 ± 0.37)0/3(−)0/3(−)0/3(−)0/3(−)3/3(2.08 ± 0.52)0/3(−)0/3(−)5 dpi0/3(−)1/3(1.5)0/3(−)0/3(−)0/3(−)1/3(1.98)2/3(1.63 ± 0.18)0/3(−)1/3(1.98)cH9cN2/H183 dpi0/3(−)1/3(1.98)0/3(−)0/3(−)0/3(−)0/3(−)3/3(1.75 ± 0.43)0/3(−)0/3(−)5 dpi0/3(−)1/3(1.25)0/3(−)0/3(−)0/3(−)0/3(−)2/3(2.38 ± 0.18)0/3(−)0/3(−)H9N2-wt3 dpi3/3(4.33 ± 1.81)3/3(7.083 ± 0.52)1/3(2.5)0/3(−)1/3(5.75)1/3(3.5)1/3(1.5)1/3(1.5)1/3(3.75)5 dpi3/3(5.33 ± 0.52)3/3(7 ± 0.43)1/3(3.5)0/3(−)3/3(6.83 ± 0.63)3/3(5.67 ± 0.52)3/3(5.08 ± 0.29)3/3(4.42 ± 0.14)3/3(4 ± 1.49)

In lower respiratory tract, H9N2-wt replicated in lungs with higher titers, while the virus was undetectable in lung tissue of chickens infected with either cH9cN2/H17 or cH9cN2/H18 ([Table 1](#tbl0005){ref-type="table"}). Histopathological tests showed that severer lung lesion was observed in the lung section of H9N2-wt infected chickens, such as alveolar interstitium areas infiltrated with lymphocytes and degenerate neutrophils ([Fig. 4](#fig0020){ref-type="fig"}B). In the cH9cN2/H18 and cH9cN2/H17 infected chickens, only medium numbers of lymphocytes were observed in the interstitium areas ([Fig. 4](#fig0020){ref-type="fig"}C, D). Strong NP antigen signal was detected in H9N2-wt infected chicken lung ([Fig. 4](#fig0020){ref-type="fig"}F). In contrast, only limited NP signal was observed in the lungs of cH9cN2/H18 and cH9cN2/H17 infected chickens ([Fig. 4](#fig0020){ref-type="fig"}G, H).

H9N2-wt was detected in all organs except liver of infected chickens, while cH9cN2/H17 was only detected in trachea, spleen, and pancreas, similarly cH9cN2/H18 was only detected in trachea and pancreas, suggesting that chimeric bat influenza viruses showed limited replication in chickens compared with the systemic infection in chickens caused by H9N2-wt ([Table 1](#tbl0005){ref-type="table"}). Viral shedding results showed that all three chickens inoculated by H9N2-wt shed virus through oropharyngeal route at 2 and 4 dpi, and only two infected chickens shed virus through cloaca at 2 dpi ([Fig. 2](#fig0010){ref-type="fig"} ). In addition, two out of three contact chickens in H9N2-wt group shed virus through both oropharynx and cloaca at 2 dpc, which suggested that H9N2-wt is transmissible among chickens. Nevertheless, virus was undetectable in oropharyngeal and cloacal swabs from cH9cN2/H17 inoculated and contact chickens ([Fig. 2](#fig0010){ref-type="fig"}). Notably, lower levels of cH9cN2/H18 virus were detected in oropharyngeal and cloacal swabs in one infected chicken at 2 dpi, and one to two contact chickens shed virus from oropharynx and cloaca at 2 dpc with lower titers ([Fig. 2](#fig0010){ref-type="fig"}), suggesting that cH9cN2/H18 showed better transmission efficiency than cH9cN2/H17 in chickens.Fig. 2**Viral titers in oropharyngeal and cloacal swabs of infected and contact chickens.** Nine chickens (6-week-old) were inoculated intranasally with the viruses at 10^5.5^TCID~50~/100 u L/chicken. Three naïve chickens were introduced into the isolators at 1 day post infection (dpi). Virus shedding in oropharyngeal (OP) and cloacal (CL) swabs of infected and contact groups was monitored at 2, 4, and 6 dpi/dpc.Fig. 2Fig. 3**Haematoxylin and eosin (H&E) and IHC staining for microscopic trachea sections.** Chickens were inoculated intranasally with the virus at 10^5.5^ TCID~50~/100 u L/chicken. The trachea was collected at 5 dpi. A, E: mock group. B, F: H9N2-wt infected group, C, G: cH9cN2/H17 infected group. D, H: cH9cN2/H18 infected group.Fig. 3Fig. 4**Haematoxylin and eosin (H&E) and IHC staining for microscopic lung sections.** Chickens were inoculated intranasally with the virus at 10^5.5^TCID~50~/100 u L/chicken. The lungs were collected at 5 dpi. A, E: mock group, B, F: H9N2-wt infected group, C, G: cH9cN2/H17 infected group, D, H: cH9cN2/H18 infected group.Fig. 4

To further explore the potential mechanism of the poor adaptation of chimeric bat influenza virus in chickens, polymerase activity and IFN inhibition activity of bat influenza viruses were evaluated in avian cells. The mini-genome assay of H17N10, H18N11, and H9N2-wt vRNPs was conducted in chicken DF-1 cells as described previously ([@bib0160]). The results showed that polymerase activity of H9N2-wt vRNPs was significantly higher than those of H17N10 and H18N11 in avian cells ([Fig. 1](#fig0005){ref-type="fig"}C). NS1 protein is a multifunctional protein that is responsible to antagonize host antiviral response during viral infection ([@bib0065]). Bat influenza virus NS1 protein has been reported to bind double-stranded RNA and antagonize IFN-β response in mammalian cells ([@bib0125]). To compare the chicken IFN-β antagonism ability of NS1 proteins, DF-1 cells were transfected with the indicated pCDNA-H9N2-NS1, pCDNA-H17N10-NS1 or pCDNA-H18N11-NS1 expression plasmids (0.2 μg/well), together with plasmids expressing firefly luciferase under the control of the chicken IFN-β promoter (pGL-chIFNβ-LUC, 0.2 μg/well), Renilla luciferase expressing plasmid pRL-TK (0.07 μg/well) and 0.2 μg poly(I:C). 24 h post transfection, the cells were lysed and subjected to dual-luciferase reporter assay (Promega, USA). The results showed that all the three NS1 proteins showed strong chicken IFN-β antagonism ability, whilst H9N2 NS1 inhibited IFN-β response more efficiently than bat NS1 in chicken cells ([Fig. 1](#fig0005){ref-type="fig"}D). Notably, H17N10 NS1 inhibited chicken IFN-β response relatively less efficiently than H18N11 NS1 in chicken cells, suggesting that the stronger IFN antagonist of H18N11 NS1 might help the virus to adapt to avian species better than H17N10.

In addition, studies showed that the compatibility between surface proteins and the internal proteins is important for IAVs replication ([@bib0070]; [@bib0080]; [@bib0090]). Interaction between M1 with cytoplasmic tails of HA and NA is critical for viral genome packaging and assembly in infected cells ([@bib0030]; [@bib0150]). While the M1 protein of bat influenza viruses only share 78% identity with that of H9N2-wt, more than 50 amino acid substitutions in the M1 proteins between the H9N2 and H17N10/H18N11 were observed. Nevertheless, how these mutations affect incompatibility between H9N2 surface proteins and the M1 proteins of bat viruses needs further study.

The identification of bat influenza virus expanded the host reservoir of IAVs, although the origin and the evolution of bat influenza virus still remain unclear. Serological surveys indicated that bat influenza viruses are widespread in various bat species in Central and South America ([@bib0120]). Bats are distributed worldwide and migrate over long distances, which enhance the opportunity of interaction and interspecies transmission of viruses. Waterfowl are considered as reservoir of IAVs, including 16 HA and nine NA subtypes ([@bib0145]). However, the potential of bat influenza virus infects birds needs to be explored. Zhou's studies have shown that the packaging signals of most gene segments of the bat viruses are not compatible with those of canonical IAVs ([@bib0160]). In this study, the H9N2 is unable to reassort with H17N10 or H18N11 using reverse genetic system which confirmed the previous finding (Data not shown). Nevertheless, the chimeric cH9 and cN2 genes containing packaging signals of H17N10 or H18N11 were compatible with the six internal genes of bat influenza viruses. Both of cH9cN2/H17 and cH9cN2/H18 replicated to significantly lower titer than H9N2-wt virus on CEF cells, suggesting the internal genes of bat influenza virus showed limited adaptation to avian species.

In chickens, H9N2-wt virus replicated efficiently in respiratory tract and other tissues, however, only lower level of virus was detected in trachea and pancreas of chimeric cH9cN2/H18 and cH9cN2/H17 viruses infected chickens. The H9N2-wt was shed and transmitted efficiently among chickens, and cH9cN2/H18 also showed transmissibility though limited, while cH9cN2/H17 was not transmissible in chickens. In addition, NS1 protein of H18N11 showed stronger IFN-β antagonism activity than H17N10 in avian cells. Taken together, all the present data indicated that the chimeric cH9cN2/H17 and cH9cN2/H18 showed limited adaptation to chickens, while the internal genes of H18N11 seemed to adapt to chickens better than H17N10.
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